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SUMMARY

Nonalcoholic fatty liver disease (NAFLD) is the most common cause of chronic liver 

disease. We recently discovered that neuronal regeneration-related protein (NREP/P311), an 

epigenetically regulated gene reprogrammed by parental metabolic syndrome, is downregulated 

in human NAFLD. To investigate the impact of NREP insufficiency, we used RNA-sequencing, 

lipidomics, and antibody-microarrays on primary human hepatocytes. NREP knockdown induced 

transcriptomic remodeling that overlapped with key pathways impacted in human steatosis and 

steatohepatitis. Additionally, we observed enrichment of pathways involving phosphatidylinositol 

signaling and one-carbon metabolism. Lipidomics analyses also revealed an increase in cholesterol 

esters and triglycerides and decreased phosphatidylcholine levels in NREP-deficient hepatocytes. 

Signalomics identified calcium signaling as a potential mediator of NREP insufficiency’s 

effects. Our results, together with the encouraging observation that several single nucleotide 

polymorphisms (SNPs) spanning the NREP locus are associated with metabolic traits, provide a 

strong rationale for targeting hepatic NREP to improve NAFLD pathophysiology.

Blurb:

“De Jesus et al. demonstrate that NREP deficiency in human hepatocytes leads to transcriptomic 

remodeling and metabolic dysregulation, resembling key pathways implicated in NAFLD. One 
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carbon metabolism emerges as a potential mediator, highlighting NREP as a promising therapeutic 

target for improving NAFLD pathophysiology. These findings provide valuable insights into the 

molecular mechanisms underlying NAFLD progression.”

Graphical Abstract

INTRODUCTION

Non-alcoholic fatty liver disease (NAFLD) can be characterized by simple hepatic lipid 

accumulation (steatosis) that can, in some cases, progress to increased inflammation and 

fibrosis and ultimately lead to non-alcoholic steatohepatitis (NASH), cirrhosis, and end-

stage liver disease1–4.

One-carbon metabolism is among several pathways linked to the development of NAFLD. 

While choline can be synthesized endogenously from phosphatidylethanolamine (PE), then 

converted into phosphatidylcholine (PC)5,6, methionine is an essential amino acid and a 

precursor of PC and choline that is largely metabolized in hepatocytes6. This intrinsically 

connected pathway maintains a fine balance between PC and PE levels to carefully regulate 

the synthesis of very-low-density lipoproteins (VLDL) and the export of VLDL and 

triglycerides (TG)7. In NAFLD an imbalance between the levels of PC and PE due to a 

decrease in PC can lead to a deficient export of VLDL and accumulation of TG5,6,8,9.
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Recently, calcium signaling is a modulator of ER stress response and an inducer of hepatic 

lipid accumulation10–12. Imbalance in the PC and PE composition of ER membranes 

associated with NAFLD can impair the function of the Sarco/endoplasmic reticulum 

Ca2+-ATPase (SERCA) pump that mediates ER calcium uptake13. The insulin-stimulated 

phosphoinositide 3-kinase (PI3K) pathway, which is involved in the recruitment of 

downstream signaling proteins with pleckstrin homology (PH) domains such as protein 

kinase B (AKT), is also affected by elevated cytosolic calcium levels14 that promote 

preferential binding of calcium to phosphoinositides, leading to insulin resistance12,14. 

Furthermore, chronic elevation of intracellular calcium levels can disrupt mitochondrial 

function by increasing mitochondrial calcium concentrations12,15 which in turn can increase 

the production of reactive oxygen species (ROS), mitochondrial depolarization, and a 

decrease in mitochondrial respiratory chain function12.

Previously, we reported the identification of neuronal regeneration-related protein (NREP) 

as an epigenetically regulated candidate with a regulatory role and the potential to act 

as a biomarker in the progression of NAFLD16. NREP, also known as P311, is a highly 

conserved 8 kD protein that has been associated with the TGF-β pathway17, wound 

healing18, nerve and lung regeneration19,20, and kidney fibrosis17. NREP silencing in 

HepG2 cells leads to steatosis with accumulation of cholesterol and triglycerides16.

We built on our previous observations by focusing on the transcriptomic, lipidomic, 

and signalomic alterations associated with altered NREP expression in primary human 

hepatocytes. We report that NREP silencing induces transcriptional remodeling that reflects 

downregulation of the phosphatidylinositol and one-carbon metabolism pathways and 

decreased phosphatidylcholine synthesis that is associated with upregulation of cholesterol 

synthesis and triglyceride accumulation. Our kinase inference analyses on phosphosites 

affected by NREP knockdown identified calcium/calmodulin-dependent protein kinase type 

II subunit alpha (CAMK2A). Our findings suggest that the reduction in NREP expression in 

primary human hepatocytes impacts hepatic intracellular calcium homeostasis, likely via an 

intimate relationship between the phosphatidylcholine and phosphatidylinositol pathways.

RESULTS

NREP silencing impacts gene expression networks that regulate cholesterol, 
phosphatidylinositol, and one-carbon metabolism in primary human hepatocytes

We first focused on the transcriptomic changes induced by NREP knock-down (KD) 

in primary human hepatocytes (Figure 1A). NREP silencing was efficient (Figure 1B), 

and principal component analyses showed sample segregation (Figure 1C). A total of 

6442 genes were significantly altered in NREP KD compared to scramble (FDR<0.05) 

(Figure 1D). Enrichment pathway analyses of the upregulated genes (FDR<0.05) (Figure 

1E) revealed enrichment for liver steatosis, cholesterol/steroid synthesis, and triglyceride 

synthesis (Figure 1E and 1F). On the other hand, analyses of the downregulated genes 

(FDR<0.05) (Figure 1G) revealed enrichment in phosphatidylinositol signaling and one-

carbon metabolism pathways (Figure 1H).
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Next, we compared the transcriptomic impact of NREP silencing in primary human 

hepatocytes with the data in HepG2 cells16. NREP downregulation induced profound 

transcriptomic remodeling in both cell systems (Supplementary Figure 1A). Enrichment 

pathway analyses of commonly upregulated genes revealed cholesterol metabolism 

(Supplementary Figure 1B). On the other hand, genes uniquely upregulated in primary 

hepatocytes upon NREP KD were enriched for focal adhesion and Rho GTPases 

(Supplementary Figure 1C) while those specific only to HepG2 cells identified 

P53 signaling and mitochondrial translation (Supplementary Figure 1D). We then 

performed similar analyses on the downregulated genes. Enriched pathways identified 

phosphatidylinositol signaling (Supplementary Figure 2E). On the other hand, genes 

specifically downregulated in primary hepatocytes were enriched for interferon signaling, 

mRNA splicing, and one-carbon metabolism (Supplementary Figure 2F). HepG2 in 

contrast revealed enrichment for peptide chain elongation, DNA damage response, and 

cell cycle pathways (Supplementary Figure 2G). Overall, these data reveal that NREP 

downregulation impacts cholesterol synthesis and phosphatidylinositol signaling in primary 

human hepatocytes and HepG2 cells. However, NREP silencing seems to impact one-carbon 

metabolism in primary hepatocytes particularly.

The robust and consistent transcriptomic changes induced by NREP silencing prompted 

us to hypothesize that NREP modulates the expression and/or activity of upstream 

transcriptional regulators. To test this we used de novo protein modeling software that uses 

machine learning21,22 to model NREP structure (Supplementary Figure 2, A and B) and 

predict its functions. Interestingly, the top biological process predicted for NREP molecular 

function was nucleic acid binding (Supplementary Figure 2C). Other predicted molecular 

functions included calmodulin-binding, suggesting a role for NREP in calcium signaling 

(Supplementary Figure 2C).

Next, we applied an in silico analysis that uses a signature of differentially expressed 

genes to create an interaction network while computing for transcription factors that act 

as mediators23. We observed several enriched transcription factors (Figure 1I, and 1J) with 

known roles in mediating hepatic lipid metabolism and NAFLD development including 

ZBTB7A24, USF225, NFYB26, USF127, and PPARG28. The latter is particularly interesting 

because NREP has been recently reported to interact physically with the PPARG promoter 

in adipocytes29. We used a specific double-stranded DNA (dsDNA) sequence containing 

the peroxisome proliferator response element (PPRE) to test PPARG DNA binding activity 

in nuclear extracts of HepG2. While NREP KD upregulated PPARG activity in basal state 

(BSA) there were no differences when cells were stimulated with palmitate (Supplementary 

Figure 2D). These data suggest that PPARG-independent transcription factors are involved 

in the transcriptomic remodeling associated with NREP downregulation in steatosis.

The fact that NREP was predicted to regulate metabolic processes, led us to further 

explore the genetic relationship with metabolic disease traits. Searching for NREP on 

the “The Common Metabolic Disease Knowledge Portal”30 that compiles data from 

several GWAS studies in metabolic-disease areas revealed NREP variants associated with 

metabolic phenotypes including BMI and HDL cholesterol (Supplementary Figure 2E 

and Supplementary Table 1). Several variants associated with HDL cholesterol were 
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enriched near the 5’ UTR of NREP (Supplementary Figure 2F, 2G, and Supplementary 

Table 2). These results indicate that NREP is genetically linked to metabolic traits and 

its downregulation in primary human hepatocytes prompts a transcriptomic remodeling 

to downregulate phosphatidylinositol signaling and one-carbon metabolism that favors 

cholesterol synthesis and development of NAFLD.

Downregulation of genes associated with one-carbon metabolism is a common signature 
between NREP silencing in primary human hepatocytes and human NAFLD progression

Next, we sought to further explore the relevance of NREP in human NAFLD development. 

To this end, we reanalyzed a microarray dataset of samples of liver biopsy-proven patients 

with steatosis (n=14), steatohepatitis (n=8), and controls (n=10), transcriptionally well 

segregated by disease status26.

We began by first selecting the genes that were differentially expressed between NREP KD 

compared to scramble (FDR<0.05) and intersecting them with the differentially expressed 

genes (P<0.05) identified by comparing steatosis patients to controls (Figure 2A). Enriched 

pathway analyses of the 356 upregulated genes that were common between NREP KD and 

human steatosis identified pathways associated with apoptosis and cholesterol biosynthesis 

(Figure 2B). Analyses of the 587 downregulated genes that were common between NREP 

KD compared to scramble versus steatosis patients relative to controls identified several 

pathways involved in mRNA splicing, phosphatidylinositol signaling, and amino acid 

metabolism (Figure 2C). Among the commonly upregulated genes was mevalonate kinase 

(MVK), a key enzyme that acts early in sterol synthesis (Figure 2D). On the other hand, 

among the commonly downregulated genes, there were several related to the one-carbon 

metabolism pathways such as human betaine-homocysteine methyltransferase 2 (BHMT2) 

(Figure 2D). These data indicate that primary human hepatocytes merely harboring NREP 

KD and maintained in a basal state without exogenous stimuli share transcriptomic changes 

with human steatosis that mostly impact cholesterol synthesis and metabolism of amino 

acids.

Next, we intersected the dataset of differentially expressed genes identified by comparing 

NREP KD with scramble versus the dataset identified by comparing human steatohepatitis 

with control patients (Figure 2E). Enriched pathway analyses of the 693 commonly 

upregulated genes (Figure 2F) showed several associated with ECM remodeling and fibrosis 

(Figure 2F). A similar analysis of the 810 commonly downregulated genes (Figure 2G) 

showed phosphatidylinositol metabolism and several pathways involved in amino acid 

metabolism (Figure 2G). Among the commonly upregulated genes were several associated 

with ECM remodeling and fibrosis such as platelet-derived growth factor receptor A 

(PDGFRA), alpha-smooth muscle actin (ACTA2), and connective tissue growth factor 

(CTGF) (Figure 2H). On the other hand, commonly downregulated genes included several 

rate-limiting enzymes involved in one-carbon metabolism, such as adenosylhomocysteinase 

(AHCY), methionine adenosyltransferase 2B (MAT2B), or 5-formyltetrahydrofolate cyclo-

ligase (MTHFS). These data revealed that insufficiency of NREP in hepatocytes mimics the 

transcriptomic alterations that occur during the late stages of NAFLD, characterized by an 

upregulation of fibrotic genes and a decrease in one-carbon metabolism-related genes.
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To explore the relevance of one-carbon metabolism further in our studies we performed 

correlation analyses between NREP mRNA levels and enzymes involved in one-carbon 

metabolism in human steatosis (Figure 2I), and steatohepatitis (Figure 2J) using the dataset 

described previously31. An obvious observation was a strong positive correlation between 

NREP mRNA and enzymes involved in one-carbon metabolism, suggesting the two increase 

concomitantly.

To further explore the relationship between NREP and one-carbon metabolism, we 

compared the downregulated genes (FDR<0.05) in primary human hepatocytes harboring 

NREP KD, with the downregulated genes (FDR<0.05) in an RNA-seq dataset from liver 

lysates of male mice fed a methionine-choline deficient diet (MCD) compared to chow diet-

fed (Supplementary Figure 3A) (Tomohiko K & Kulkarni RN, unpublished). This revealed 

418 commonly downregulates genes. Enriched pathway analyses identified metabolism, and 

several one-carbon metabolism-associated pathways (Supplementary Figure 3B and 3C). 

Importantly, Nrep was downregulated in livers of MCD-treated mice compared to chow, and 

its expression levels correlated positively with Ftcd and Ahcy (Supplementary Figure 3D), 

recapitulating the findings in human steatosis and NASH (Figure 2I and 2J). These data 

point to NREP as a bridge between one-carbon metabolism deficiency and the development 

of NAFLD in mice and humans.

NREP bridges one-carbon metabolism and NAFLD development by modulating 
phosphatidylcholine levels in primary human hepatocytes

To explore the impact of NREP deficiency in hepatic lipid metabolic we employed structural 

lipidomics analyses (study design in Figure 1A). NREP KD induced the upregulation of 

214 and the downregulation of 161 lipid species (p<0.05) (Figure 3A). First, we classified 

the lipid species followed by further classifying each of the lipid classes (Figure 3B). Next, 

we used the Fry function of the Rotation Gene Set Test (Roast) in the limma32 R package 

to determine the overall direction (“UP” or “Down”) of lipid class using the proportion 

of lipids that are up or down at p<0.05. Finally, we calculated the percentage of lipids 

showing up- or downregulation within each lipid class (Figure 3B). Consistent with our 

gene expression data and previous data on hepatic cell lines16, NREP silencing led to an 

upregulation of cholesterol esters, free fatty acids (FFA), and triacylglycerol (TG) content 

in primary human hepatocytes harboring NREP KD (Figure 3B and 3C). Among the most 

significantly altered cholesterol ester species were 18:2, 20:0, and 22:1 (Figure 3C). Most 

significantly altered TAGs by NREP KD included TAG 48:7, 60:6, and 62:13, while the 

altered FFAs included 14:0, and 22:5 (Figure 3C).

NAFLD is characterized by structural lipid remodeling wherein phospholipids are 

particularly affected33. Several phospholipid classes were altered by NREP silencing 

(Figure 3B) including phosphatidylcholine (PC) (Figure 3C). We went on to first validate 

PC downregulation in NREP KD hepatocytes (Figure 3D). Next, we evaluated lipid 

accumulation upon NREP KD and the impact of choline supplementation (Figure 3E). 

NREP KD induced steatosis as previously described in hepatocytes16, and consistently, 

choline supplementation ameliorated lipid accumulation in NREP KD comparable to 

scramble cells, particularly when challenged with palmitate (Figure 3E and 3F).
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Next, we integrated our RNA-sequencing data where we compared primary human 

hepatocytes harboring NREP deficiency to scramble, and visualized the transcriptomic 

changes associated with cholesterol and one-carbon metabolism. NREP silencing led to 

an upregulation of several enzymes involved in cholesterol (Supplementary Figure 4A) and 

steroid synthesis (Supplementary Figure 4A). Among the upregulated genes induced by 

NREP KD were enzymes important in regulating low-density lipoprotein (LDL) packaging 

and transport such as proprotein convertase subtilisin/kexin type 9 (PCSK9) (Supplementary 

Figure 4A).

Overall, these results demonstrate that NREP silencing in primary human hepatocytes 

decreases the expression of genes involved in the synthesis of one-carbon metabolites, and 

downregulation of PC, and the development of steatosis (Figure 3G).

NREP impacts calcium signaling networks in primary human hepatocytes

To dissect the pathways underlying the effects of NREP in an unbiased manner we 

employed phosphor-antibody microarrays. NREP KD-induced changes in the signalome are 

reflected by clear segregation among samples (Figure 4A). Among the most significantly 

altered phosphosites, we identified hyperphosphorylation of BRCA1 (S988), and PDGFRA 

(Y754), suggesting that hepatic NREP insufficiency activates DNA damage34, and fibrotic 

signaling pathways35 respectively. For a global perspective on the role of NREP in 

hepatocyte signaling, we performed enriched pathway analyses (Figure 4C) and identified 

erythropoietin, JAK-STAT, PDGFR-β, carbon metabolism in cancer, and calmodulin among 

other pathways associated with cancer and fibrosis (Figure 4C).

To narrow down the network and visualize the direct signaling link between NREP and the 

development of NAFLD we performed a multi-cluster gene functional enrichment analysis. 

Specifically, we examined proteins presenting differential phosphorylation in NREP KD 

compared to scramble that were directly associated with NAFLD, fibrosis, or cirrhosis 

terms (Figure 4D). Interestingly, the candidate list of phosphosites altered upon NREP KD 

in primary human hepatocytes presented several proteins that were associated with these 

disease terms to allow functional protein-protein analyses (Figure 4E). The three main 

interaction clusters included one that associated with cell cycle control (illustrated in red) 

such as MYC proto-oncogene, bHLH transcription factor (MYC), or retinoblastoma protein 

1 (RB1). The second cluster was associated with fibrosis (illustrated in blue) and included 

PDGFRA or PDGFRB. Finally, a third cluster (illustrated in green) linked to proteins 

associated with the regulation of cell death by calcium and NF-kB signaling and included 

protein kinase C (PRKCA and PRKCB), receptor-interacting serine/threonine-protein kinase 

1 (RIPK1), and nuclear factor NF-kappa-B p65 subunit (RELA) (Figure 4E).

Next, to identify an upstream kinase driving some of these phosphorylation changes induced 

by NREP we used an in silico approach36 to infer kinase activity among those phosphosites 

that were significantly different between NREP KD and scramble. This analysis identified 

calcium/calmodulin-dependent protein kinase II alpha (CAMK2A), and insulin receptor 

(INSR) among the most enriched kinases (Figure 4F). To further visualize the relationship 

between NREP and calcium signaling, we integrated our RNA-sequencing data, obtained 

by comparing NREP KD to scramble in primary human hepatocytes, with KEEG annotated 
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pathways37 and used Pathview38 to visualize differentially expressed genes in our dataset 

and specifically those involved in calcium signaling (Supplementary Figure 4B). We 

identified several differentially expressed genes in this pathway, including the upregulation 

of several transmembrane calcium channels and receptors (Supplementary Figure 4B).

Finally, we explored the relationship between NREP downregulation and calcium 

mobilization in steatosis. First, we detected an increase in calcium content in primary 

human hepatocytes harboring NREP KD (Figure 4G). Next, we challenged hepatocytes 

with NREP insufficiency or scramble with palmitate or BSA (basal) and treated them 

with ionomycin39,40, thapsigargin 41, or DMSO (Figure 4H). Consistent with our previous 

experiments (Figure 3E), NREP KD increased steatosis both in the basal and upon palmitate 

treatment (Figure 4H). Ionomycin treatment decreased lipid accumulation in the basal state 

while it hampered steatosis in palmitate-treated NREP KD cells comparable to scramble. On 

the other hand, thapsigargin increased steatosis in palmitate-treated cells similarly between 

scramble and NREP KD compared to DMSO-treated (Figure 4H). These results suggest 

that NREP downregulation leads to mitochondrial calcium overload, which is transiently 

ameliorated with ionomycin but not with thapsigargin. This is consistent with the decreased 

oxygen consumption rate (OCR) seen in HepG2 cells harboring NREP KD16.

Overall, the signalome analyses of NREP downregulation in primary human hepatocytes 

support the notion that NREP acts on one-carbon metabolism to promote the development 

of NAFLD by impacting pathways that regulate cell death, inflammation, and fibrosis, while 

synergistically acting on calcium signaling12,42.

DISCUSSION

Previously, we reported the identification of NREP as a new epigenetically regulated 

gene that bridges TGF-β signaling and hepatic lipid metabolism16. Here, we adopted 

a comprehensive ‘omics’ approach by integrating the transcriptomic, lipidomic, and 

signalomic changes associated with NREP silencing. Our work métier relies on the usage 

of state-of-the-art techniques and the utilization of viable human hepatocytes that overcome 

many limitations associated with hepatic cell lines.

Silencing NREP in primary human hepatocytes revealed upregulated genes that are common 

with those induced in human steatosis and involve cholesterol synthesis. Furthermore, 

lipidomics analyses of NREP-deficient hepatocytes revealed accumulation of cholesterol 

esters. Examples of genes upregulated by NREP KD and increased in human steatosis 

included PCSK9. PCSK9 promotes LDLR degradation, leading to LDL accumulation in 

plasma, and is linked to familial hypercholesterolemia. PCSK9 chemical inhibitors are being 

explored to treat human NAFLD43. NREP insufficiency also favored the transcriptomic 

upregulation of several pathways that are hallmarks of NAFLD progression, including 

fibrosis, inflammation, and cell death.

The downregulation of NREP had a profound impact on the transcriptomics of gene 

networks associated with one-carbon metabolism and phosphatidylinositol signaling. 

This effect was further compounded by the observed downregulation of PC in NREP-
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deficient hepatocytes. Consistently, choline supplementation to NREP-deficient hepatocytes 

rescued steatosis. These findings have led us to investigate the potential involvement 

of calcium signaling, which has been increasingly recognized for its critical role in 

NAFLD research12,44. Specifically, the relationship between calcium signaling and the 

aforementioned metabolic pathways suggests a potentially important mechanistic link, 

which merits further exploration.

We provide several lines of evidence that NREP modulates calcium signaling. First, 

protein structure modeling and function prediction revealed calmodulin-binding by NREP. 

Second, enrichment analyses of the differentially expressed genes in NREP KD, which 

are common with human steatohepatitis identified pathways linked to calcium and CaMK 

IV-mediated phosphorylation of CREB (Figure 2G). Third, kinase activity inference based 

on the phosphosites altered in NREP KD hepatocytes identified CAMK2A as among the 

most enriched kinase. Fourth, calcium content levels were increased in human primary 

hepatocytes deficient for NREP. Fifth, ionomycin treatment reduced steatosis in palmitate-

treated NREP deficient hepatocytes to a level comparable to that in scramble cells, 

while thapsigargin treatment had the opposite effect, exacerbating steatosis equally in 

both scramble and NREP KD cells. These observations suggest that NREP modulates 

calcium levels in hepatocytes, potentially leading to mitochondrial calcium overload. This 

conclusion is supported by the mechanism of action of the two agents: ionomycin increases 

cytosolic calcium by mobilizing calcium stores from the endoplasmic reticulum (ER) 

and mitochondria39,45, while thapsigargin specifically depletes ER calcium, leading to an 

increase in cytosolic calcium levels41.

In summary, the present study provides an unbiased characterization of the biological role 

of NREP in human hepatocytes and its relevance in mediating the development of NAFLD. 

We provide new insights into the role of NREP in regulating one-carbon metabolism and 

calcium signaling. These observations provide a strong rationale for the targeting of hepatic 

NREP to improve and/or block the progression of NAFLD.

LIMTATIONS OF THE STUDY

While our study provides valuable insights into the role of NREP in human hepatocytes and 

its potential involvement in the pathophysiology of NAFLD, there are some limitations that 

should be considered. One limitation is that our experiments were conducted in vitro using 

primary human hepatocytes. While this approach has the advantage of using viable human 

cells that overcome many limitations associated with cell lines, it may not fully reflect 

the complexity of the in vivo environment, including the influence of other cell types and 

tissue-specific factors.

Additionally, while we provide evidence for the involvement of NREP in calcium signaling 

and its potential role in NAFLD progression, further studies are needed to elucidate the 

exact mechanisms of NREP regulation of calcium homeostasis and how this may contribute 

to NAFLD development. Finally, while our findings suggest a potential therapeutic target 

in hepatic NREP, additional studies are required to determine the efficacy and safety of 

targeting NREP in human NAFLD. Further investigations are needed to establish the clinical 
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relevance of NREP modulation in NAFLD and the potential for off-target effects of targeting 

NREP, including effects on other metabolic pathways and potential adverse effects.

STAR Methods

RESOURCE AVAILABILITY

Lead contact—Further information and requests for resources and reagents should 

be directed to and will be fulfilled by the lead contact, Rohit N Kulkarni 

(rohit.kulkanri@joslin.harvard.edu).

Materials availability—All unique/stable reagents generated in this study are available 

from the lead contact with a completed Materials Transfer Agreement.

Data and code availability

• RNA-sequencing data in primary human hepatocytes have been deposited with 

the National Center for Biotechnology Information Gene Expression Omnibus 

under accession code GSE229455. Antibody microarrays data in primary human 

hepatocytes have been deposited with the National Center for Biotechnology 

Information Gene Expression Omnibus under accession code GSE229432.

• This paper does not report original code.

• Any additional information required to reanalyze the data reported in this paper 

is available from the lead contact upon request.

EXPERIMENTAL MODELS AND SUBJECT DETAILS

Primary human hepatocyte culture—We used pure, highly viable, and plateable 

primary human hepatocytes from 5 pooled donors (ThermoFisher, #HMCPP5). Culture 

of plateable primary human hepatocytes was performed as previously reported16. Briefly, 

hepatocytes were seeded on 6-well collagen-treated plates containing William E media 

supplemented with primary hepatocyte supplements (ThermoFisher) and HepExtend 

supplement (ThermoFisher).

METHOD DETAILS

NREP knock-down in primary human hepatocytes—Hepatocytes were allowed to 

attach for 6h. Media was exchanged to eliminate non-viable/attached cells that were forward 

transfected with Lipofectamine RNAiMAX (ThermoFisher) and 100nM of siGENOME 

Non-Targeting siRNA Pool (Dharmacon, # D-001206–13-05), or siGENOME human NREP 

siRNA (Dharmacon, # M-019848–00-0005) in complete media. Media was then changed at 

6h post-transfection with complete media. At 48h post-transfection cells were starved for 

16h in William E media containing 0.1% BSA, washed three times with ice-cold DPBS, and 

snap-frozen and pelleted for further analyses.

Chemical treatments of primary human hepatocytes—For choline supplementation 

experiments hepatocytes were forward transfected and at 48h post-transfection were 

cultured for 24h in William E media containing BSA, or BSA + 500μM of palmitate 
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(SIGMA) as previously described 16 supplemented with PBS, or 2mM choline chloride 

(SIGMA), or 4mM choline chloride (SGIMA). For calcium experiments, hepatocytes 

were forward transfected and at 48h post-transfection were cultured for 24h in William 

E media containing BSA, or BSA + 500μM of palmitate (SIGMA) as previously 

described 16 and were challenged with 1μg/mL ionomycin (SIGMA) or 1μM thapsigargin 

(SIGMA). Phosphatidylcholine levels were measured in 2×10^5 hepatocytes/sample 

using a colorimetric phosphatidylcholine assay kit (#10009926, Cayman) according to 

manufacturer guidelines. Calcium content was measured in 2×10^5 hepatocytes/sample 

using a colorimetric calcium assay kit (#ab102505, Abcam) according to manufacturer 

guidelines. Steatosis was measured using a steatosis colorimetric assay kit based on oil red 

staining (#10012643, Caymen) according to manufacturer guidelines.

RNA isolation—RNA isolation for RNA-seq. studies were performed as previously 

reported 46. In brief, total RNA (>200nt) was extracted using standard Trizol reagent 

(Invitrogen) according to manufacturer instructions. The resultant aqueous phase was mixed 

(1:1) with 70% RNA-free ethanol and added to Qiagen Rneasy mini kit columns (Qiagen) 

and the kit protocol was followed.

RNA-sequencing—Purified total RNA (500ng) was used for mRNA isolation and 

subsequent transcriptome library preparation using the TruSeq Stranded mRNA Library 

Preparation Kit (Illumina). Libraries were sequenced on the NovaSeq 6000 Sequencing 

System to obtain at least 50 million paired-end 100bp reads per sample. FASTQC was used 

to assess the quality of paired-end or single-end read sequences.

The count’s table tx2gene_counts.rds is generated by aligning reads to the mouse 

transcriptome (Ensembl version 94) using Kallisto and converting transcript counts to gene 

counts using tximport. To filter the low-expressing genes, we keep genes that have more than 

0.5 counts per million (CPM) in at least 4 samples. We normalized the counts by weighted 

trimmed mean of M-values (TMM). To use linear models in the following analysis, we 

perform Voom transformation to transform counts into log CPM, where CPM = 1e+6 * 

count of a gene / (total counts of the sample * normalization factor of the sample).

Kinexus antibody-microarrays—Kinexus antibody microarrays were performed with 

modifications compared to the previous report 46. Briefly, protein lysates from 2×10^6 

hepatocytes/sample were covalently labeled with biotin. Free biotin molecules were then 

removed after labeling reactions by gel filtration. After blocking non-specific binding sites 

on the array, an incubation chamber was mounted onto the Kinex™ KAM-1325 antibody 

microarrays to permit the loading of 2 samples side by side on the same chip. Following 

sample incubation, unbound proteins were washed away and the array was then probed 

with an anti-biotin antibody that is labeled with a proprietary fluorescent dye combination. 

Each array produced a pair of 16-bit images, which were captured with a Perkin-Elmer 

ScanArray Reader laser array scanner (Waltham, MA). Signal quantification was performed 

with ImaGene 9.0 from BioDiscovery (El Segundo, CA) with predetermined settings for 

spot segmentation and background correction.
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For normalized phosphosite/protein differential abundance, we used limma, an R package 

that powers differential expression analyses49. We adjusted for the batch effects and 

performed moderated t-tests between NREP KD and scramble as previously described 46.

Lipidomics—Human primary hepatocyte cell pellets were resuspended in 500 μL of PBS. 

Sample aliquot volume was normalized by 1 mg protein determined by bicinchoninic acid 

(BCA) assay. Structural lipidomic analysis involved a modified Bligh and Dyer extraction 

utilizing a customized, automated liquid-liquid extraction sequence on a Hamilton Robotics 

StarLET Robot System. Four mL of chloroform:methanol (1:1, by vol) was added to the 

samples followed by the addition of 50 μL of a cocktail mixture of deuterium-labeled, 

odd chain, and extremely low naturally abundant internal standards. A front extraction 

was performed by adding 2 mL of 50mM lithium chloride to sample tubes, vortexed in 

Multi Tube Vortexer for 3 minutes, centrifuged at 1000 g for five minutes, and the bottom 

chloroform layer was carefully transferred to a new glass tube. An additional 1.8 mL of 

chloroform was added to source tubes, vortexed and centrifuged as described above, and 

transferred for a total of three chloroform transfers. The samples were dried down under a 

stream of N2 gas and resuspended in chloroform: methanol (1:1, by vol). A back extraction 

was performed for additional sample clean-up to remove contamination of protein, salts, and 

residual aqueous layer from front extraction. Two mL of 10mM lithium chloride was added 

to resuspended samples and the same protocol was followed as front extraction. Samples 

were dried down under N2, reconstituted in chloroform: methanol (1:1, by vol), and stored 

at −20°C. Samples were prepared to run on the mass spectrometer by diluting 250x in 

isopropanol:methanol:acetonitrile: water (3:3:3:1, by vol) with 2 mM ammonium acetate.

Electrospray ionization (ESI) MS was performed on a Sciex TripleTOF 5600+ coupled with 

a direct injection loop on an Eksigent Ekspert MicroLC 200 system. The ESI DuoSpray 

Ion Source parameter settings were set to ion source gas 1 (GS1) at 10, ion source gas 2 

(GS2) at 10, curtain gas (CUR) at 20, temperature at 300°C, and Ion Spray Voltage Floating 

(ISVF) at 5500 V for positive mode and −4500 V for negative mode. The MS/MSALL 

acquisition method consisted of two experiments, first a TOF MS survey scan acquiring 

data from 200–1200 m/z. The second experiment in the acquisition method consisted of 

1000 high-resolution production scans with precursors evenly spaced from m/z 200.05 to 

m/z 1200.05 with 300 ms of accumulation time for each scan. The collision energy was 

set to 35 eV and −35 eV for positive and negative modes, respectively, with a collision 

energy spread (CES) of ±15 eV. Cardiolipin and monoacylglycerol species were analyzed 

with unique acquisition methods as previously described 47. Mass shift was controlled by 

calibrant solution delivered every 10 samples at 500 μL/min by the atmospheric-pressure 

chemical ionization (APCI) probe. The MS/MSALL data was acquired by Analyst TF 1.7 

software (Sciex) and processed with MultiQuant 1.2.2.5 (Sciex) using an in-house database 

of lipid species for identification and quantification.

After normalization to internal standards, there were 4743 missing values in the lipidomics 

data. We then checked the relationship between the logit missingness probability and the 

average of the observed lipid’s log abundance. They were negatively correlated to each 

other, which indicates the missing values abundance was below the detection limits. We 

kept lipids that have 50% valid values (1221 lipids were kept with 9.98% missing values). 
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We then imputed the remaining missing lipid values half the minimum abundance of the 

corresponding lipid. To discover lipids that were differentially abundant between groups (i.e. 

NREP KD vs Scramble), we use limma 48 to perform moderated t-tests. We also estimate 

relative quality weights for each sample and use them in the tests. Next, we used the Fry 

function of the Rotation Gene Set Test (Roast) 32 in the limma R package 48 to determine the 

overall direction (“UP” or “Down”) of lipid class using the proportion of lipids that are up at 

p<0.05, and the proportion that are down at p<0.05. Finally, we calculated the proportion of 

lipids showing up- or downregulation within each lipid class.

Pathways and in silico analyses—NREP protein structure modeling and functional 

prediction were performed using The PSIPRED Workbench 49. Pathway enrichment 

analyses were performed using ConsensusPathDB using default settings 50. Pathway maps 

were generated using Pathview 38. Transcription factor enrichment analyses (TFEA) was 

performed using eXpression2Kinases (X2K) 23. Multi-cluster gene functional enrichment 

analyses was conducted on ToppGene 51 using our candidate protein list and the described 

disease terms. Kinase activity analyses were performed using The KSEA App 36 using 

statistically altered phosphosites between NREP KD compared to scramble. Functional 

protein-protein functional networks were constructed using STRING 52.

QUANTIFICATION AND STATISTICAL ANALYSIS

False discovery rates (FDRs) and P-values were calculated using the Benjamini-Hochberg 

method using the R software in the omics analyses. Pearson’s correlations were performed 

using the R software. Non-omics statistical analyses were performed using GraphPad Prism 

software version 8.0 (GraphPad Software, USA). To test whether the collected numerical 

data are normally distributed, the D’Agostino and Pearson was used. An FDR or P-value 

less than 0.05 was considered significant.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• NREP deficiency mimics key pathways of human NAFLD.

• Lack of NREP leads to increased cholesterol and decreased 

phosphatidylcholine.

• Calcium signaling is a potential mediator of NREP deficiency.

• Targeting hepatic NREP provides a promising strategy for improving 

NAFLD.
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SIGNIFICANCE

Nonalcoholic fatty liver disease (NAFLD) is a significant public health concern 

affecting millions of people worldwide. Despite its prevalence, the molecular 

mechanisms underlying its pathogenesis remain poorly understood. In this study, we 

investigated the impact of NREP insufficiency using RNA-sequencing, lipidomics, 

and antibody-microarrays on primary human hepatocytes. Our findings revealed 

that NREP knockdown-induced transcriptomic remodeling that overlapped with key 

pathways impacted in human steatosis and steatohepatitis. Furthermore, lipidomics 

analyses showed an increase in cholesterol esters and triglycerides and decreased 

phosphatidylcholine levels in NREP-deficient hepatocytes. Our results also identified 

calcium signaling as a potential mediator of NREP insufficiency’s effects. Taken 

together, our study provides novel insights into the molecular mechanisms underlying 

NAFLD pathogenesis and highlights NREP as a potential therapeutic target for NAFLD.
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Figure 1: NREP silencing impacts hepatic cholesterol and one-carbon metabolism gene 
expression network in primary human hepatocytes.
(A) Study overview. (B) Violin-plot representation of NREP mRNA levels in Scramble 

(represented in red) and NREP knock-down (KD) cells (represented in blue) measured by 

RNA-seq. (C) Principal component analyses (PCA). (D) Venn diagram of downregulated 

versus upregulated genes. (E) Pathway enrichment analyses on metabolism-associated 

upregulated genes. (F) Heat map representation of downregulated pathways and genes. 

(G) Pathway enrichment analyses on metabolic-associated downregulated genes. (H) Heat 
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map representation of downregulated pathways and genes. (I) Induced network analyses 

of enriched transcription factors in NREP KD compared to Scramble. (J) Enriched 

transcription factors in NREP KD compared to Scramble. All, n=3 biological replicates/

group. Statistical analyses were performed by Benjamini-Hochberg method (see Methods). 

All represented genes with FDR<0.05 in NREP KD compared to Scramble. Transcription 

factor upstream analyses with genes FDR<0.01 in NREP KD compared to Scramble.
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Figure 2: Downregulation of one-carbon metabolism genes is a common signature between 
NREP silencing in primary human hepatocytes and human NAFLD.
(A) Venn diagram of intersected genes between NREP knock-down (KD) versus Scramble 

and Steatosis versus Control patients reanalyzed from 31. (B) Pathway enrichment analyses 

on commonly upregulated genes between NREP KD versus Scramble and Steatosis versus 

Control patients. (C) Pathway enrichment analyses on commonly downregulated genes 

between NREP KD versus Scramble and Steatosis versus Control patients. (D) Heat-map 

of represented pathways and genes commonly altered between NREP KD versus Scramble 
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and Steatosis versus Control patients. (E) Venn diagram of intersected genes between NREP 

KD versus Scramble and Steatohepatitis versus Control patients downloaded and reanalyzed 

from 31. (F) Pathway enrichment analyses on commonly upregulated genes between NREP 

KD versus Scramble and Steatohepatitis versus Control patients. (G) Pathway enrichment 

analyses on commonly downregulated genes between NREP KD versus Scramble and 

Steatohepatitis versus Control patients. (H) Heat-map of represented pathways and genes 

commonly upregulated genes between NREP KD versus Scramble and Steatohepatitis 

versus Control patients. (I) Pearson’s correlations between NREP and represented one-

carbon metabolism genes in controls and Steatosis. (J) Pearson’s correlations between 

NREP and represented one-carbon metabolism genes in Controls and Steatohepatitis. 

Statistical analyses by the Benjamini-Hochberg method (see Methods). All represented 

genes with FDR<0.05 (our RNA-seq dataset) or P<0.05.
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Figure 3: NREP downregulation bridges one-carbon metabolism and NAFLD development by 
decreasing phosphatidylcholine levels in primary human hepatocytes.
(A) Volcano-plot of lipidomics analysis in primary human hepatocytes harboring NREP KD 

compared to Scramble hepatocytes. (B) Effect of NREP KD on lipid class composition 

in primary human hepatocytes. (C) Cholesterol, free fatty acids, and PC lipid species 

most significantly impacted by NREP KD (P<0.05). (D) Phosphatidylcholine content levels 

in NREP KD and Scramble primary human hepatocytes (n=3). (E) Oil red intensity in 

Scramble or NREP KD primary human hepatocytes treated for 24h with PBS or choline 
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chloride in the presence of BSA or 500 μM palmitate (n=4). (F) Representative oil 

red staining of Scramble or NREP KD cells challenged with 500 μM palmitate in the 

presence of PBS, 2mM choline chloride, or 4mM of choline chloride (n=4). (G) Scheme 

depicting one-carbon metabolism link with phosphatidylcholine synthesis and hepatic 

triglycerides export. PC, phosphatidylcholine; TG, triglycerides; Hcy, homocysteine; SAH, 

S-adenosylhomocysteine; SAM, S-adenosylmethionine; THF, tetrahydrofolate. Genes are 

depicted in italic. Downregulated genes in blue. Lipid classes in bold; Red represents 

upregulated and blue downregulated upon NREP KD compared to Scramble. All, n=3 (or 

otherwise stated) biological replicates/group. Statistical analyses by Benjamini-Hochberg 

method in A, B, and C. Unpaired Two-tailed t-test in D. Two-way ANOVA with Turkey’s 

multiple comparisons test in E.
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Figure 4: Signalome analyses of NREP-deficient primary human hepatocytes reveal pathways 
that are common to NAFLD and those associating NREP with calcium signaling.
(A) Principal component analyses (PCA) of phospho-antibody microarrays performed in 

NREP KD primary human hepatocytes compared to Scramble. (B) Heat-map visualization 

of top altered phosphosites. (C) Pathway enrichment analyses on altered phosphosites. 

(D) Multi-cluster gene functional enrichment analyses identify several proteins associated 

with NAFLD, fibrosis, and cirrhosis. (E) Functional protein-protein interaction analyses on 

proteins presenting altered phosphosites. (F) Kinase substrate analyses on the differentially 
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abundant phosphosites in NREP KD versus Scramble. (G) Calcium content levels in NREP 

KD and Scramble primary human hepatocytes. (H) Oil red intensity in Scramble or NREP 

KD primary human hepatocytes treated for 24h with DMSO, 1μg/mL ionomycin, or 1μM 

thapsigargin in the presence of BSA or 500 μM palmitate (n=4). All, n=3 biological 

replicates/group (or otherwise stated). Statistical analyses by Benjamini-Hochberg method 

(see Methods). Unpaired Two-tailed t-test in G. Two-way ANOVA with Turkey’s multiple 

comparisons test in H. All represented phosphosites with P<0.05 in NREP KD versus 

Scramble.
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KEY RESOURCE TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Bacterial and virus strains

Biological samples

Human Plateable Hepatocytes, 5-Donor ThermoFisher Cat# HMCPP5

Chemicals, peptides, and recombinant proteins

Choline chloride Milipore-Sigma Cat# C7017

Thapsigargin Milipore-Sigma Cat# T9033

Ionomycin Milipore-Sigma Cat# I9657–1MG

Bovine Serum Albumin (BSA), Fraction V Roche Cat# 10738328103

Sodium palmitate Milipore-Sigma Cat# P9767

Critical commercial assays

Steatosis Colorimetric Assay Kit Cayman Chemical Cat# 10012643

Calcium Assay Kit (Colorimetric) Abcam Cat# ab102505

Phosphatidylcholine Assay Kit (Colorimetric/Fluorometric) Abcam Cat# ab83377

Deposited data

Microarray control, steatosis, steatohepatitis Starmann et al.31 GSE33814

RNA-sequencing in primary human hepatocytes This study GSE229455

Antibody-microarrays in primary human hepatocytes This study GSE229432

Experimental models: Cell lines

Experimental models: Organisms/strains

Oligonucleotides

Recombinant DNA

Software and algorithms

eXpression2Kinases (X2K) Clarke et al.23

KEEG Kanehisa et al.37

The KSEA App Wiredja et al.36

limma Ritchie et al.48

Pathview Web Luo et al.38

The PSIPRED Protein Analysis Workbench Buchan et al.22

ROAST Wu et al.32

ToppGene Suite Chen et al.51

fastp Chen et al.53

ConsensusPathDB Herwig et al.54
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REAGENT or RESOURCE SOURCE IDENTIFIER

Other
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